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ABSTRACT 
a .  Predic t ion and Analysis o f  the  R eliabil i t y  o f  
Turbomachinery  Insta l la t ions-Influence of  var ious com­
ponen ts on  over -a l l  re l iab i l i t y ,  such as o f  turb ines, com­
presso rs, gears. motors, p ip ing, foundat ions. Cr i ti ca l  
i tems i n  reliab i l i t y  evaluat ion .  
b .  Iden t i f ica t i on  o f  Problem A reas i n  Existi n g  In­
s ta l la t ions (" trouble-shooting" 1-How to pred i c t  and 
iden t i fy problem a reas and probab i l i t y  of  shu tdown o r  
componen t fa i lure. Applicat i on  of  protect ive dev ices 
and supervisory instrumen ta t ion  t o  preven t or m in im ize 
losses. 
c. Analysis of Turbine Opera t ion to Pred i c t  Future 
Problems-Cri t ica l  areas i n  turb ine  operat ion .  Common 
fa i lur es caused by  mal-operat i on .  Instrumenta t ion  and 
protect ive devices t o  min imize risk. 
PREDICTION AND ANALYSIS OF THE 
R ELIABILITY OF TL'RBOMACHINERY 
INSTALLATIONS 
During the l as t  few yea rs the size of  petrochemical  
plan ts and chemical  plants h as i ncreased considerably .  
This means that  the  turbomachi nery which is  used in 
t hese plants h as a lso become l arger. The machi n es 
operate a t  h i gher  speeds, and they are n o w  far m ore 
complex than before .  In add i t i on ,  t h e  t ime between  
turn-arounds h as now  increased t o  two,  t hree, and  even 
f ive years. As a resul t  of  the i n creased output o f  p rod­
u c t  of these large p lants, the l osses which are experi ­
enced as a r esu l t  o f  an acciden ta l  shutdown are very 
h i gh ,  and n umbers of  100,000 do ll a rs per day and  even 
more are n o t  u nusua l .  
As a resul t  o f  this si tua t ion i t  became evident tha t  
there is a n eed for  more systematic means t o  a i d  i n  
1 
t rouble-correc t i on  and to reduce shu tdown t ime .  Also, 
means are requ ired t o predict rel i ab i l ity in advance, 
and t o  eva lua te  re l iab i l i t y  versus i n i ti a l  cos t ,  opera t i ng  
cost, and shutdown costs. 
To indicate the rel i ab i l i t y  of a t u rbomachi n ery 
i nstal la t ion  a ser i es of  cu rves can be developed, which  
are keyed to  a common denomina tor ,  for compara t i ve 
pu rposes. Fig. l shows a set o f  such c urves. This 
approach h as t he  advan tage of giv i ng  a genera l  idea  of  
t h e  i n terac t ion  o f  the var ious fact ors. For  example, i t  
can b e  demonstrated why  a perfec t ly  good mach i ne  may 
no t  r un  wel l  i n  a poor  insta l la t ion.  Vice versa, i t  can 
be demonstrated why a poorly applied m ach i n e  o r  poor ly  
designed mach i ne  may run  qui te we l l  i f  i t  i s  wel l  i n ­
stal led, carefu l ly  opera ted, and capably ma in ta ined.  The 
i nd i vidua l  re l iabil i t y  factors are mu l t ip l ied to f ind over­
a l l  factors for m ajor componen ts or for  the en t i re i nsta l ­
l a t i on .  For a complete explanat ion o f  t h is method see 
References ( l I and ( 2 I . 
O f  course there are many  shades o f  gray between 
the two extreme examples q uoted above. We need a 
method to determine wh ich shade o f  gray is invo lved 
in a par t icu lar  trouble job. The approach presen ted 
can also show  which type of equi pmen t i s  best for cer­
t a in  ranges o f  operat i ng  cond i t ions, such as speed, pres­
sure, temperature, and o the r  operat i ng  parameters. In 
Reference papers ( l I and ( 2 J w e  used t h i s  approach t o  
a id  t roub le-shoot ing .  The  procedure  wo rks as  fol lows: 
P lo t ted versus speed is i n  a l l  t hese c urves a so ca l led 
"Rel iabi l i ty Facto r." This facto r  var i es between zero 
and 2 .0 i n  most o f  the p lo ts .  We assumed a rel i ab i l i t y  
factor  o f  ONE to  represe n t  a n  average rel i ab i l ity for a 
given appl ica t i on . In o ther  w ords, i n  a petrochemical 
p lan t ,  a given mach ine  is expected to  run con t inuously 
between turn-arounds and to requ i r e  a cer ta in amount  
o f  ma in tenance in  between. A lso, average figures can  
be  compiled for the  so-cal led "norma l" break-down r ates 
for th is type of p lan t. We h ave  arb i t rar i ly  chosen t o  
use t h e  facto r  o f  ONE f o r  an  i ns ta l la tion w h i c h  h as th is  
break-down rate and rel iab i l i t y .  A greater factor shows 
that the  equipmen t is l ike ly t o  run l onge r  be tween break­
downs. For example, a facto r  of TWO would ind icate 
that  the  uni t  wou ld run twice as long as a u n i t  w i th  a 
so-ca l led "normal" break-down  ra te. The rel i ab i l i ty 
factors for var ious i tems can be  p lot ted versus speed, 
load, pressure-or any o ther  cr i t i ca l  parameter. 
The first plot shows the type of equ ipmen t: A 
compressor w i l l  have  a re l i abi l i ty ra te  somewha t  d iffer­
en t from a turbine .  The motor  and gear combinat ion 
wi l l  aga in  have d ifferent re l iab i l i t i es. This si tua t ion 
wi l l  b e  i n fluenced by  speed-a turb ine  w i l l  usua l ly  be 
more re l iable at  h i gh speeds, whil e  a motor-and-gear 
combinat ion can have  very good rel i ab i l i t y  at low speeds, 
b u t  i t  can have  fai r ly  poor  rel i ab i l i t y  at the h i gher  
speeds. In the nex t  p lo t  the  equipment s ize is  shown .  
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The span between hearings was selected as the significant 
parameter. I t  can be  seen, t ha t  the l a rger m achines 
wouid n o t  be very reli able a t  h igh speeds, because the 
faster a machine runs, the shorter and smal ler i t  mus t  
be, m os t ly  for  reasons o f  cr i t ical  speed and rotor dy· 
namics .  The next  curve  shows the n u mber  o f  hearings 
in the ent i re un i t-or in the train as  i t  is o ften cal led_:_­
and the curves are p lo t ted h ere for three, four ,  s ix, eight ,  
t en ,  and twenty  hearings .  The n umber o f  bearings is a 
good ind ica ti on  o f  the  complexity of a u n i t. The more 
bodies and  the more a u n i t  the  more com­
p lex i t  mus t  be and the more opport un i t y  w il l  i t  h ave 
for get t ing i n to t roub le .  These curves a l l  represent da ta  
perta in ing t o  the equipment i tself .  
On the same chart ,  Fig. I, are curves showing 
operat ing condi t ions ,  such as pressures and tempera tures .  
Also shown i s  start -up t ime and n umber of s tart-ups per 
year. Qu i te evident ly ,  a un i t  which i s  s tarted only on ce 
a y ear  and then runs cont inuously wil l  be far less l i ke ly  
t o  s uffer a break-down than a un i t  which i s  s tarted and  
da ily , Thi s  i s  reflected i n  th i s  curve .  The faster 
!:he u n i t  rur;s ,  the more pronounced wil l  th is  effect he .  
One th ing i s  o f  i nterest t o  n o te here: Once the 
operat ing condi t ions are given hy  the p rocess de:>igner, 
the designer of the rotat ing equipment has  very l i t tl e  
choice concerning the span he would l ike t o  use  between 
bearings, o r  the number o f  heari ngs. This  i s  essent ia l l y  
fixed, especia l ly  where the equipment approaches the 
l imi t  o f  capac i t y  o r  speed obta inable wit h  rota t ing 
equ ipmen t .  Such i s  the case ,  for example ,  w i th syngas 
compresso rs for ammon ia  syn thesis , w here turb ines m a y  
he rated 35,000 H P  a t  ] 1,000 RPM, and  where extrac­
t i on m ay also be requ ired . In such cases, there are n o t  
many  sol u t ions,  and a designer has  t o  compromise and 
l ook  for  t he  be s t  po::�s ib le  so lu t i on  concern ing the n um· 
her o f  bodies i n  the t ra in ,  the  hearing spans,  and the 
number o f  s tage�:' for  each machine .  
Thi s  br ings u s  t o  a very impor tan t  poin t ,  n amely ,  
tha t  a design can often he grea t l y  sirnpli fied ---and tbe 
rel iab i l i ty greatly improved--- by bet ter  cooperat ion be­
tween process designer and equ ipmen t designer .  One  
example i s  the vac·uum on  a condensing tu rb ine .  For 
example, a smal l  ehange o f  d esign vacuum on  a con ­
densing mach i n e  can sometimes re.su l t  i n  a s ingle-flow 
turb ine in s t ead o f  a double-f low machine ,  w i th a cor­
responding improvement o f  the rel i ab i l i t y  factor .  The 
hearing span would get shorter, the i n i t i a l  cost w ou ld  
be lower, and  of l en the i s  bet ter under n o rma l  
operat ing cond i tions . Qui t e  o ft en  t h e  reduced vacu u m  
would o n l y  he n eeded d ur ing over load cond i t ions  such 
as dur ing s tar t-up o r  emergt�ncy ,  o r  dur ing o ff-design 
condi t ions .  Dur ing normal  operat ing condi t ions  the 
machine would operate with the des ign vacuum.  B u t  
the way  t h e  speeif ica ! ions a r e  of ten written, a designer  
has  n o  choice h u t  t o  quo!<' his mach i n e  for the  operat ing 
condi t ions  as  specified. The resu l t  may he  considerahle 
economic disadvantage and redu ced reliab i l i ty .  This 
may serve as  a n  example h ow c urves as  shown may he 
used t o  op t imi ze an in s ta l la t i on . 
Fig. 2 shows  the effect of pip ing on  rel iab i l i ty . 
The p ip ing af feds the  equipmen t lly the forces and  
moment.s i t  c reates a t  the connec t ions  t o  t h e  equipment .  
The p ip ing  may he pushing t h e  en t i re  machine o u t  o f  
alignment and  eau;;c v ibra t ions  o r  rubs .  Esp1:cia l ly  on  
h o t  maehines---sueh as h igh tempera ture turbines---the  
p ip ing can warp the This  may  resul t  i n  leaking 
flanges o r  i n terna l  rubs, caus ing ser ious  v ibrat ion prob­
lems .  Also ,  the p ip ing may c ause t he  cas ing guides t o  
h ind ,  o r  the  casing may actua l l y  l i f t  off  i ts suppo r t  feet .  
This ,  then,  ean  create a l l  s orts o f  vibrat ion problems 
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and interna l  rubs. To correct problems of thi s  type i n  
t h e  f ie ld c a n  be  very costly .  Curves as  shown may  help 
to f ind the most  economica l  solution .  
F ig .  3 shows the  i n fl u ence  of  the foundatio n  upon  
re l iab i l ity o f  r otatin g  equ ipment. Very  b r ie fly ,  the  
fun ction  of  the  foundation  i s  to ho ld  a un i t  i n  a lign­
men t ,  n o t  only dur i ng  n o rma l  conditions ,  b u t  also du r­
i ng  abnormal condi t i ons .  The  forces the foundat ion has 
to absorb are the  p ip ing forces, and such forces as may 
be  developed b y  expansion joints in the p ip ing system 
o r  on  the condenser o f  a turb ine .  Other factor s  whi ch  
can cause  misa l ignment a re  sett l i ng, shr inkage, o r  un­
equa l  heatin g  o f  the foundati on .  
I t  i s  v e ry  important t o  preven t build-up o r  t rans­
m i ss ion of  v i b rations .  The curves shown indicate the 
e ffect o f  foundat ion r ig id i ty  upon rel iab i l i t y .  Evidently 
a h igh speed machine  must be he ld in closer a l ignmen t 
than a l ow  speed machine ,  and the effects o f  m isa l ign­
men t are  more severe .  Therefore the rel i ab i l i ty fac tor  
drops off  with speed for  a founda t ion  wi th poor r ig id i ty .  
The v ibrat ion characteristics are  expressed i n  t e rms of  
foundat ion weight .  The n ormal  re lationshi p  be tween 
foundat ion mass and un i t  m ass is 1 .5 t imes and this i s  
used f o r  a rel i ab i l ity factor o f  on e .  If t h e  mass i s  less 
than that ,  the  r el i ab i l ity wil l  drop off, because the  ma­
ch ine  becomes more  sensiti ve to smal l  upsets and smal l  
operat ing problems,  or ,  in  case o f  emergency ,  the  risk 
of ser ious damage is greater with a l i gh t  foundat io n  than 
w it h  a massive one .  The effect o f  major s tructura l  
resonance i s  a l so shown . This ,  o f  course, wi l l  great ly 
reduce the rel i ab il i ty of the un i t ,  especia l ly dur ing  start· 
u p  conditions ,  u psets and emergencies .  The faster a 
machi ne  runs ,  the  more  pronounced wi l l  thi s  effect be .  
The th i rd graph shows the i so lation  from the  sur­
round ings. Transmiss ion of v ib ration  from and t o  the 
uni t  h as a s ign i ficant  effect upon the r el i abi l ity o f  ro ta t­
ing equ ipment .  
T h e  effect o f  operat iona l  a n d  ma in tenance p ract ices 
i s  shown i n  Fig. 4.  This  effect a l so becomes more pro­
nounced with increas ing speed. A machi n e  runn i ng  a t ,  
say ,  15,000 RPM i s  a very delic a te piece o f  m achin ery, 
and it can easily be  damaged by care les s  ma intenance 
o r  opera t ion .  
Some t ime ago the m agazi n e  "THE LOCOMO­
TIVE," i ssued by  the Hartford Steam Boi ler  Inspect i on  
Insurance Company ,  had  a ve ry  i nterest ing a rticle ,  whi ch 
t ies i n  w i th th i s  type  o f  rel iab i l i ty  eva lua t i on .  The 
a rticle was headed "YOU CAN NOT ALWAYS BLAME 
THE O PERATOR." It po in t s  ou t  tha t  opera tor  f ai lur e  
i s  i n  rea l i ty  o ften management fai lure .  When  an  opera­
tor fa i l s ,  thi s  may mean tha t  he has  n o t  h ad su ff ic ie n t  
t ra ining, o r  tha t  h e  wa s  n o t  fami l i a r  enough with safety 
prac tices and,  perhaps, that  he was  n o t  proper ly  selected 
t o  begin with .  This a r tic le  a lso  poi nts ou t  t ha t  opera tor  
educa t ion  and safety practic e  i s  no t  a n  o ut -of-pocket 
expense, b u t  rather an i nvestmen t which  wi l l  y ie ld  re· 
turns .  Thi s  same ph i losophy i s  wha t  we wa n t  t o  demon­
s t ra te wi th the rel i ab i l i ty curves : We want t o  show 
r el i ab i lity as a funct ion o f  i nvestment ,  b e  the i nvestment 
i n  the form of a t r a in ing  program, safety prac t ices, o r  
b e  i t  ma intenance shops o r ,  i n  an  ear l ier  s tage o f  the  
game ,  i nvestment i n  equ ipment ,  foundat ions ,  p ip ing, and  
so  on .  I do  n o t  mean  t o  s ay  tha t  ju s t  a n y  i nvestmen t  i s  
desirable ,  bu t  r ather  t ha t  the  i nvestment shou ld  be  made  
consc ious ly ,  w i th a c l e a r  i dea  o f  the returns  t o  b e  
expected. 
IDENTIFICATION OF PROBLEM AREAS 
IN EXISTING INSTALLATIONS 
A fter we have seen how to predict and  eva lua te  
r el i ab i l ity ,  we mus t  n ow provide the  man  i n  the  f ie ld  
w i th too ls  t o  enable  h im t o  deal  wi th  a problem qu i ck ly  
and  effic ient ly .  Turbomachinery has  a way o f  tel l i ng  
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Figure 5. Example showing "Trouble-Shooting Chart"- Vibration Analysis. 
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Figure 5. - Continued. 
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Bu t  v ibrat ion can mean many th ings, and if we know 
how to  i nterpret v ibrat ion phenomena, we  can get a very 
good idea of  wha t  i s  w rong .  
O f  course, much h as been wri t ten and  sa id about  
v ibrat ion, bu t  much o f  th is  i s  h i gh ly  technica l  informa­
t ion-wri t ten  b y  v ibra t ion experts for o ther v ibrat ion 
experts-and l i t t l e  i n format ion gets t o  the man on  the 
job. The main  reason for  th is  i s  the fact  tha t  v ibrat ion 
phenomena are h i gh l y  complex and  requ i re a great deal 
o f  ma thematics .  Unfor tunate ly, one rare ly h as the t ime 
or opportuni ty  t o  read a mathematical  d i sser tat ion when 
h e  i s  faced with a ser ious  f ie ld problem. In other words, 
there i s  s t ill a w ide  gap between theory and pract ica l  
appl icat ion, a l though much progress has  been made in 
the  theoret ica l  i nterpretat ion o f  vibrat ion phenomena 
dur ing the las t  few years .  There i s  a great n eed to 
transmit the essence of  th is  theoret ica l  i n format ion to 
the  man on  the  operat ing f loor .  Natura l ly, generaliza­
t ions  mus t  be  m ade, and many explana t ions  may have 
t o  be  oversimpli f ied t o  accomplish this .  But  wha t  we 
n eed i s  a cookbook-to s impl i fy the f i rs t  s teps when 
trouble occurs-and such a too l  h as t o  be s t r ipped of 
a l l  excess baggage which i s  not  abso lu te ly required t o  
do  the job. To do  t h i s, we  can develop a se t  o f  charts, 
showing the corre la t ion between causes and effects, so 
as to show wha t  type of v ibrat ion to  expect from a cer­
tain cause--or the other way around-wha t  type of 
problem may arise for cer ta in faults i n  i n s ta l la t ion or 
operation ( Fig .  5 and Fig. 6 )  ( Ref. 3 ) . Numbers 
shown ind ica te  the  percentage o f  un i ts wh i ch wil l  de­
ve lop the symptoms shown at the top  o f  the chart .  These 
i l lus tra t ions sho w  a par t  o f  such a tabula t ion .  The 
ver t ica l  column l i s t s  var ious  types o f  v ib rat ions, or 
cau ses of  v ibra t ion, wh i l e  the hor i zonta l  head ing shows 
the symptoms or evidence which  the  trouble shooter sees . 
For  example, i t  can be  seen tha t  a ro tor  u nbalance has  
a t yp i ca l  frequency a t  l x R PM, misa l ignmen t frequen­
cies are l or 2 x RPM, l oose ro tor  parts cause frequen ­
c ies  a t  the  r esonan t  freq uencies o f  the ro tor-wh ich  may 
b e  any  odd frequency i n  the  lower-frequency group.  
Thi s  char t  then shows which components  a re  suspect, 
and  which components cou ld n o t  cause a specif ic  prob­
lem.  The char ts  are extended horizonta l ly  t o  inc lude 
ins ta l la t ion problems and opera t ion  problems.  
Fig .  7 shows the frequency characteris t ics o f  some 
major problems.  This should help to  ident i fy the basic 
mechan i sm i nvolved.  The vert ica l  ax is  ind ica tes fre­
quency of v ibra t i on, the h o rizontal  ax is  shows  speed, 
both expressed as  mul t iples of cr i t ica l  speed. Plotted 
versus speed i s  a l ine showing  1 x R PM, wh ich i s  cha r ­
acter is t ic  o f  u nbalance. A lso  shown are o i l  whi r l  fre ­
quenc ies, cha racter is t ic  frequencies o f  i n ternal  f r i c t ion 
w h ir l s, harmonic  and subharmonic resonances, and m i s ­
a l ignment frequencies .  For  example, i f  a machine w i t h  
a h ysteres is  whi r l  problem we r e  to  be run  up  t o  speed, 
the  frequency would come i n  somewhere a long the  
resonan t frequency l i n e  and wou ld  rema in  constant as  
speed i n creases. The frequency of  a pure  o i l  whi r l  
wou l d  go u p  a t  abou t  %RPM wi th speed . A resonan t  
wh i r l  wou ld  suddenly appear e i ther a t  lf:! frequency o r  
a t  resona n t  frequency, a n d  s o  o n .  With th is  d a t a  one  
can then  en ter  the char t s  and make  a l i s t  o f  the thi ngs 
t o  l o ok for, s tar t ing with the  i tem hav ing the greatest  
probabi l i ty, as  indicated by  the percentage f igures s hown 
in Fig. 5 and 6.  
This  way, the choice can  be nar rowed d own to 
some half  d ozen poss ib i l i t i es, and these must  then be  
explored i n  deta i l ,  which may  involve gett i ng  more  da ta  
and checkin g  i n to references .  
1 
tl ?:; � �  
,Z (J  �----
� � \:!.. • ; ., ,, 
f, o I , \ • .  8J.l'" 
f, IJ .t o  
Figure 7. 
t�i)i . .  I . � fr . 
, 
c,��/ FREQUENCY YS. .SPEFD 
w�� � FOR C0/1110N 1'/BRATitiN 
i PROBJ.£HS 
( 1/3 pf&J � -� I 
'HI6'HL Y  UNSTABL E �EGlON, AYOIO 
PIPIIIG I FfJVNIJATION RE'.SONA/IeF.S 
AT I• RPI"/ I 3S % TO S'S% RPH, ANJ) 
/(OTtJN C�IT!,AL FRFQVE/ie Y, US£ 





































Tl'RBOMACHJ NERY ANALYSIS AND PROTECTION 
SOME PROBLEi\TS C\CSED BY 
IMPROPER OPERATION 
Man y  v ibrat ion problems and shaft  fai l u res are 
caused by l oose fi t o f  wheels and sleeve� on  the shaft . 
Thi s  may he  a resul t  o f  design 11 eakne,o;s, poor  qua l i ty  
contro l ,  o r  faul tv ma in tenance. b u t  o n e  should remern­
her that q u i te f;.equentl v a l iH;se s leeye o r  even a loose 
d isk can b e  the resul t  o f c areles� opera t ion ,  main ly  ch t l l ­
i ng  o f  a hot  turbine ro tor  \1 i t h  co ld  s team o r  water .  
A qu i ck drop o f  in le t  tempera ture eau.ses the sleeve� 
and wheds to  cnniract .  S ince !he  shaf t  does  no t  cool  
as qu ickl v  as  the sleeves o r  t h•;  coo l  .sl�ceves squeeze 
the �haft : and a very h i g.h tens i le s t ress a t  tl1e bore o f  
the >;!eeve i "'  the re.sul t .  H the temperature d i fferenee 
between the sleeves and the �haft  i� enoul!h ,  the 
sleeve wi l l  y ie ld i n  teu� ion .  
c 
\Vhen the tempi"'alu re of sleeve and shaft  equalizes 
again under no rmal  opera t ing cmHli t ion� ,  the s leeve wi l l  
be permanen t ly  loo;;e  on  the shuft and th i s  may l end  
to  a fri c t ion - induced whi r l  o r  i t  m a y  i n i ti a te  n shaft  
fai lure .  The temperature d i fference f)et 11 •�e11 shaf t  and 
;;:]eeve t o  get y idding:  i s  around 2:)0 ' F,. and w i th 700"F  
i n le t  temperature o r  more, a s lutr o f  wa ter  can eas i lv 
prod uce th i�  ternperalure d i ff,>.rence. So  tan a sudden 
drop of  � t eam temperature, especia l ly \1 h en the t u rb ine  
earr ies .;;ub;.;tan t ia l  load .  
The same prohlem can resu l t  f rom improper opera· 
t. ion o f  the sea l ing  steam svstem. If w ater can col lect  
i n  improper ly i n�tal led lea.k -o ff o r  dra in  l ines----or i f  
these l i n es ;:;o i n to a commnn tank whieh may f i l l  wi th  
w�;� te r---eold water may be sucked up or flashed up  i n to 
t he h o t  turb ine dur ing  load changes o r  a fter t r ip .  After 
a C:fmdensin p:  t u rbine tr ips ,  the en t i re turb ine  i s  exposed 
to  the condenser vacuum., and th is  nm suck the wa ter  
np i nto the turbine ,  o r  f lash the water to 1 •roduce coo l  
s team which then enters the  turb ine .  Thi s  h as o flf�n 
caused severe damage such as loose sleeves and bent 
rotors .  
Espec ia l ly  t o  be deplored is the pract ice o f  comb in ­
i ng dra in  l i neo and  leak-off l ines in to  one  l ong co 1nmon  
h eader, o r  combin ing any leak--off o r  d ra i n  l ines .  The 
sea l ing sys tem on a turbine o ffers many possib i l i t i es t o  
damage the machine ,  and one should always be extremely 
careful with i ts instal la t ion and opera t ion . Steam and 
water in th is  svstem can flo�,. back under  cer ta in comli ­
t i ons .  I t  can ven wel l  f low back up  into the shaft seal 
i f  no provis ions <�re made to  prevent i t  from doing so .  
A lso ,  seal ing steam l ines which are s hu t  o f f  du r i nf'  no r ­
rna[ operat ion may f i l l  1 1  i th water ,  and when the t u rb ine  
is  un loaded o r  t r ipped, the seal i ng  steam repu la tor  opc>rls 
to supply "team to  the glands. Thi s  1n a y  sho o t  cf•ld 
water  in to the >;ea !  and against  the hot shaft.. where i t  
can loosen s leencs o r  cause the ro tor  t o  bene! .  These 
p roblems are u�ual ly not  under the contro l  o f  t h e  manu ­
fac turer, t h ey  a r e  often caused by oversigh t in i n -;tatla ­
t ion  o r  operat ion .  
An o the r  i t em deserv ing close at ten t ion  i s  t he  prob­
lem o f  c orros ion fat igue. Th is i s  caused by corrosives 
in the a i r ,  or gas, o r  steam .. as the case may he .  Even 
very smal l  amounts o f  cer ta in corros ives c a n  have a 
ser ious e ffect o n  mater ia l  properties ,  especia l ly  on  fatigue 
strength . This has caused many fai lu res on  compressor 
blading, wi th both a i r  and p rocess ga:"es. 
personne l  can do a lot abou t  t h i s. for examp le  ln obsen·­
ing the  air goin;r into a compressor .  An (�b�en·ant  
pe.n;on  can  o ften see a c ompressor take a p:ulp o f  u i t rou�  ac id  o r  ammonia, o r  hyd rog.en su lf ide ,  or other  
process )lases wh ich mar be b lo 11 n off  or leak o u t  o f  the 
�ys!em, espec ia l ly  dur i;1g a plan t  � tar t -up .  Wi th the 
wind blowing i n  the righ t  d i rect i on , the can eas i ly  





fa i l  at �nee, or ther  mav fai l  years 
l a te r  - -and i n  th i s  case  i t  can be e xtretTteh· · d iffif·u l t  t o  
establish t b e  cause of the fa i lure  and to
" 
prov i:le the 
p roper corrective acl ion .  This ::; i tua t ion i s  even more  
d i ff icu l t  t o  detect where gas compre:>�ors  are  i nvo lved 
and process gnse� are contaminated with corros ives, or 
where co rros ives ):!el  i n to the steam of a l u rh ine .  ]Han \' 
bucht fai l u res have been e<m'ied by this. but those faiL 
u res have  of ten been a t t r ibu ted l ;l o ther  causes. wi th  
the resu l t  tha t  the fai lure� recur red . 
, 
ll shows th<; fat igue :-; trength d i ap,ram for a 
typiea l  1:-l ';i ero.mium stain less i-ited, a;o; U;<ed for  turbine 
buckets .  Shown i s  the  stren gth versus the  n umber o f  
ncles for the u�ua!, pol ished 
'
sample,  in a i  ; , Nnte how  
t h e  curve fl a t tens ou t  bet 11·een one  mi l l ion and t en mi l ­
l ion  C) c les .  Thi s  i s  c al led the  endu rance s tren!!tll uf 
the ma ter ia l .  The rnakria l  has an  in f in ite l ife for 
s lre;;;:;;es belo w  thi s  l ine ,  i n  o ther  w o rds ,  i ncreasin ::; the  
number of  cycles \1 i l l  rHil. produce a fa i lure .  
' 
The 11ext  curve show� the ,.arne fati ;.we strem:.th 




fat igue s t rength i s  (;v ident .  
The !'arne pol i-;hed exarnple in a sal t  solut ion i s  a l so  
shown . . The 
fa t igue � l rength i ;;; only a fraction of  i ts 
or igina l  va lue ,  bu t  even more importan t i s  the fact tha t  
t h e  curn� n o  lonrxer l<"veh out ,  b u t  con ! i nue5 to d rop. 
This means. the par t  no longer has  an endurance l imi t··-· 
on ly  a l imi ted l i fe. The par t  w i ll fa i l  u lt ima te ly ,  n o  
mat ter how l ow the  applied s t rc·�s may  be. pro.v ided 
enough c:ydes are  applied . .  -- and  th i s  i s  usua l ly the case 
i n  an indus t r ia l  appl icati on .  
-
A t u rb ine  b lade  i s  n o t  a pol ished specimen.  It has 
many geomet r ic s tress concentra t ions ,  for  example where 
the blade joins the root o r  i n  the  roo t  i tself .  The  l ow•�r 
cu rve i s  for  a sample w ith  a s imi lar  ;.; tress concen t ra t ion 
fac tor  I, about  2 .2 ) .  I t  can be seen tha t  the mater ia l  has 
los t  f)WX o f  i ts fati;,::1w " lrength at T OO mi ll ion  cycles, 
and tha t  the curve is  s t i l l  going d own. In o ther  wonk 
the pa r t  mus t  fa i l ,  no  mat ter  how low the ac tua l  applied 
s tress m igh t  he .  This i s  t he  s i t ua t i on  we  face i n  a t u r ·  
h ine  i f  w e  h ave chemicals i n  the s team. How severe 
the s i tua t ion actual ly i s  depends on the type and con­
centra t ion o f  the corros ive, a s  well as  upon static and 
v ibra torv s t ress  level. Fai lu r es can  occur w i th i n  m in ­
u tes, be::�ause the blades are exposed t o  very h igh fre­
q uencies o f  exc i ta t ion as they pass the  s ta t ionary  r;ozzles. 
To get a mi l l i on  cycles may t ake from f ive  m inu tes to  
several h ours�-depending on  the n umber  o f  n ozzles and 
on  the speed -�-hu t  sometimes the  fai l u re occurs after 
years ,  because of cumulat ive dfeets .  A blade may get 
;;ome chemicals todav and some more next  w eek and 
f inal ly ,  after enough �C) des h ave accumulated whi le un­
der  the i n fl uence o f  chemicais-the b lade fai l s .  
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Such fai l ures somet imes have a pecu l iar appear­
ance, which c lear ly ident i f ies them as  corrosion fat igue 
fail ures .  
Fig.  9 *  from Ref.  ( 4 I shows the fracture sur face 
o f  a s imple pul l  t es t  i n  a i r ,  oxygen,  hydrogen su l fide ,  
and hydrochlor ic  ac id  vapor .  Below th i s  are  fatigue tes t  
specimen for  the same gases, hydrochlor i c  ac id  vapors ,  
and hydrogen sulf ide .  At the t op  i s  a fractured turb ine  
b lade showing the  same type o f  fracture d isco lora t ion 
as  the  samples .  
Fig .  10*  shows a fractured b lade from a turb ine  
which  operated on l y  70 hours dur ing plant s tar t -u p : I t  
shows the  type o f  co lors  o f  the hydrogen sulf ide con­
tamina t ion .  There were about  16  cracked b lades i n  th i s  
wheel, two b lades  were ac tua l ly  los t .  The sur face o f  th i s  
fracture  was exposed by  breaking a c r acked blade open . 
The whi te frac ture area where the b lade was cracked 
open i n  the vise can be  c lear ly seen . The golden area 
i s  the  corrosion fatigue fai lure which  progressed dur ing 
operat ion .  
Fig. l l *  shows a corros ion -fat igue fai lure caused 
by  ch lorides .  Aga in ,  i t can be seen where the blades 
were b roken in the v i se, as  con t ras ted t o  the corros ion 
fa t igue fa i lure area .  Abou t  60 blades were l o s t  o r  
cracked i n  f ive o u t  o f  ten stages o f  th is  machine before 
the  s i t ua ti on  was c orrected.  The mach ine  ran for seven 
years before the f irs t  fa i lure occu r red .  Apparen t ly ,  
bo i l e r  feed water ,  con ta in ing m ake-up, was gett ing in to  
the  desuperheater th rough a l eak ing va lve .  
I f  this type  o f  prob lem occurs ,  no  amount o f  re ·  
design or  bucket  s t rengthening wil l  prevent fu ture  fa i l ­
u res wit h  any  degree o f  cer tain t y .  A t  be s t  t he  mach ine  
may  r un  a l i t t l e  l onger between fa i lures, bu t  s ince t he  
ma t e r i a l  actua l l y  ha s  n o  endurance l im i t, on ly  a l im i ted 
*Color slides. Not reproduced in  the proceedings . 
l i fe ,  the  fa i lures wil l  re -c u r  sooner o r  l a ter ,  u nless the 
corros ives are  e l iminated .  
Fina l ly  I would l ike t o  point  out  another  source of 
turbine b lade fa i lures, espec ia l ly  i n  the  las t  s tage. If a 
turb ine  i s  operated a t  fu l l  throt t le wi th excess vacuum, 
the pressure drop across the las t  row o f  blades becomes 
very great and the s team loading on  the blade wil l  be­
come excess ive .  This causes cycl ing s tresses in the blade 
which  may exceed the  fat igue l imi t ,  causing fa t igue fai l ­
u res .  I f  the coo l ing water gets cold in the winter and 
vacuum inc reases above the  design l im i t, something 
should be  done about i t  e i ther by throt t l ing the  c i rcu ­
la t ing water  supp ly ,  o r  b y  bleeding a i r  i n t o  the  con ­
denser .  Man y  people be l ieve  tha t  they  ge t  more  power 
o u t  o f  a turb ir..e when they have a vacuum exceeding 
the des ign po in t .  Thi s  i s  n o t  n ecessar i ly  true, because 
the  steam velocit i es in the last row of blading may be­
come supersonic ,  and no more power i s  real ly ex trac ted 
from the s team. In fact, efficiency i s  often reduced.  
The resu l t  o f  excess-vacu u m  operat ion i s  an  ex t remely 
heavy b uffet ing o f  the  b lades which in many cases has 
led t o  blade fa i lures .  
This  s i tua t ion actual ly presents an  excel l en t  oppor ­
tun i ty  t o  improve turb ine  water-rate under n ormal  and 
part - load cond i t ions .  If a vacuum-contro l ler  i s  used in  
such a way as t o  in crease vacuum a t  par t - l oad and  to  
reduce  vacuum a t  over load ,  the b lade  ex i t ve loc i ty 
( Mach. No. ) can be he ld constant .  The resu l t ing im­
provement i n  water rate ,  overload capaci ty ,  and  r el i a ­
b i l i t y  can  b e  ve ry  sign i fi can t .  
I t  goes  withou t  say ing tha t ,  i f  chemica ls  are  ad­
m i t ted whi l e  opera t ing a t  excess vacuum, b lade fa i lures 
are very l ike ly to occur .  
O f  course, we rea lize that  there  are  a lso o ther  fac ­
tors which can cause  b lade fai l ures, such a s  excessive 
design stress at a b lade resonan t frequency, poor sur face 
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f inish, i n accurac i es i n  the  blade roo ts ,  and so on .  Bu t  
these a r e  des ign problems, w h i le  we  are concerned w i th 
opera t ing prob lems and \1 i th  methods to preven t fai lures 
and breakdowns  hy  proper i n s ta l la t ion and operat ion of  
the  equipment .  
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